The superconducting properties of air-processed melt-textured growth Sm-Ba-Cu-O samples with addition of small amounts (0.004 wt%, 0.4 wt%, 4 wt%) of nano-sized Sm 2 BaCuO 5 particles (nm211) were studied. The microstructure observations show that the size distribution and morphology of the 211-particles of the nm211-doped samples are similar to that of the control (undoped) samples. However, except for the 4 wt% nm211-doped sample, both T c (critical temperature) and J c (H, T) (critical current density) are enhanced in nm211-doped samples, and the J c -H curves are different from those of control samples. The effect of nm211 particles on J c enhancement is larger at high magnetic fields (>1 T at 77 K) than at low magnetic fields (0∼1 T). The dominant pinning mechanism by analyzing the J c (H, T) data using the scaling theory indicate that the nm211-doped samples are originated from ⌬ pinning (i.e., T c variation); on the other hand, the control samples are originated from normal pinning (i.e., nonsuperconducting crystalline defects). It is proposed that nano-sized compositional fluctuations in the RE 1+x Ba 2−x Cu 3 O y matrix, which are products of nm211 particles and liquid peritectic reaction, act as the source of ⌬ pinning centers.
I. INTRODUCTION
Melt-processed rare earth elements (RE)-Ba-Cu-O (REBCO) superconductor bulks [e.g., Sm-Ba-Cu-O (SmBCO) and Nd-Ba-Cu-O (NdBCO)] exhibit a peak effect, 1 which allows applications at high magnetic fields. The formation of RE-Ba solid solution in RE 1+x Ba 2−x Cu 3 O 6 will depress the critical temperature (T c ) and the critical current density (J c ), and this RE-Ba substitution phenomenon can be controlled by different processes; for example, oxygen-controlled melt growth, two-step annealing, 2 use of RE 2 BaO 4 as precursor powders, 3 and so forth. Regarding the J c of melt-processed REBCO superconductors, it has been reported that twins, point defects, 4 dislocations, 5 and stacking faults 6 are effective pinning centers. Additionally, it has also been reported that nonsuperconductor phase (the 211-particles) is related to the flux pinning. 7 The smaller the 211-particle size, the higher the J c [magnetic field, (H), temperature (T)] values that can be obtained. Several methods were used to refine the 211-particle size and which included the addition of small amounts of CeO 2 , 8 Pt, 9 PtO 2 , 10 BaCeO 3 , 11 and Zn 12 in precursor powder. In addition, the J c (H, T) of NdBCO materials has further been enhanced with codoping Pt and CeO 2 . 13 Recently, sub-micrometer Y211 particles were also added into precursor powders of Y-Ba-Cu-O to obtain small-sized 211-particles. 14 On the other hand, it has been reported that J c may be affected by both the size and the morphology of the 211-particles. 15 , 16 Wang et al. indicated that the stacking fault density might be related to the curvature of the Y211 particles and therefore may enhance the J c value. Salama et al. also demonstrated that there are higher density defects found near the smaller 211-particles. It has also been reported that the morphology of the 211-particles change to rectangular with Pd addition 17 and change to needle-like with Pt addition, which increases the number of particles with large curvature. Chen et al. 18 have reported that 211-particles with size smaller than 1 m are beneficial to the J c . To increase the number of effective pinning centers, in this study, superconductivity and microstructure of SmBCO materials using Sm123 and Sm211 as precursor powders with addition of small amounts of nano-sized 211-particles (nm211 particles) were investigated. The pinning mechanisms of these samples were discussed using the scaling theory.
II. EXPERIMENTAL
T h e S m 1 2 3 ( S m 1 B a 2 C u 3 O 7 ) a n d S m 2 1 1 (Sm 2 BaCuO 5 ) powders were prepared by the conventional solid-state calcinations reaction of Sm 2 O 3 , BaCO 3 , and CuO powders, and the nano-sized 211-particles (nm211 particles) were prepared by sol-gel method which have widely been used to synthesize superconducting Y 1 Ba 2 Cu 3 O 7−x nano-particles. 19, 20 The Sm 3+ (or Nd 3+ ), Ba 2+ , and Cu 2+ nitrate solution with proper mole ratio of Sm:Ba:Cu ‫ס‬ 2:1:1 and Nd:Ba:Cu ‫ס‬ 4:2:2 was mixed into the polyacrylic acid (PAA) solution. To achieve highly coiling state of C-C main chain so as to decrease the reaction distance of each metal ion, higher molecular weight (8000∼12,000) of PAA and good control of pH value at 2 in PAA solution are necessary. The final mixed solution is in a gel state. After proper drying and calcination process, the product powders were further ball-milled for 24 h to decrease further the particle size. The size distribution of 211-particles in the precursors prepared by either solid-state calcinations or sol-gel method were measured by the particle size distribution analyzer (zetasizer/1000, Malvern, Germany) and the results are shown in Fig. 1 . For 211-particles prepared by solid-state calcinations, a mean diameter of 4.27 m and geometrical standard deviation of 1.77 m (i.e., about 75% range between 2-6 m) were observed. On the other hand, for sol-gel method, a mean diameter of 85 nm and geometrical standard deviation of 82 nm (i.e., about 75% range between 48-90 nm) were observed.
The mixture of precursor powders (Sm123 + 25 wt% Sm211) with the addition of 0.004 wt%, 0.4 wt%, or 4 wt% nm211 particles (as listed in Table I ) were pressed and processed in an isothermal box furnace. The SmBCO (Sm-Ba-Cu-O) samples were grown by a typical topseeded melt-textured method with a small MgO single crystal (001 orientation) located at the center of the top surface as a seed. The grown specimens were annealed in flowing oxygen at 300°C for 200 h. The dc magnetization measurements were carried out with a superconducting quantum interference device (SQUID, Quantum Design Comp., San Diego, CA, MPMS7) magnetometer to determine the T c and J c (H, T). The J c (amp/cm
2 ) values were estimated according to the extended Bean model by using the following equation
where ⌬M (emu/cm 3 ) is the magnetization hysteresis, a and b (cm) are the cross-sectional dimensions of the sample perpendicular to the applied field, and a < b. The microstructural observations were performed via scanning electron microscopy (SEM; Philips, Findhaven, The Netherlands, XL-40 FEG SEM) and transmission electron microscopy (TEM; Hitachi, Tokyo, Japan, HF-2000). The 211-particle sizes of the grown specimens were measured by a particle size analyzer (Optimas 6.51 Media Cybernetics, Silver Spring, MD).
III. RESULTS AND DISCUSSION
The T c results for SmBCO samples, which were measured by zero-field-cooling and then subjected to a 10 Oe magnetic field with different amounts of nm211 addition are shown in Table I . It is shown that with small amounts of nm211 addition, the T c values are enhanced (N1 and N2 samples). With further increase of the amount of nm211 addition, T c value is lowered (N3 sample). Figure 2 shows the J c -H curves of the control and nm211-doped samples [as well as a sample (C1) codoping with Pt/CeO 2 ] at 65 K, 77 K, 80 K, and 83 K with the applied magnetic field parallel to the c axis. It can be seen that the J c -H curves of N1 (0.004 wt%) and N2 (0.4 wt%) are higher than that of control sample, especially at high magnetic fields (with a peak at ∼5 T at 65 K and ∼2 T at 77 K, respectively). As for the N3 (4 wt%) sample, the J c -H curves are significantly lower than the control sample, which is a result of the low T c values (Table I ). In addition, it is also found that the J c -H Fig. 3 . It is evident that in low magnetic fields, the ⌬J c of nm211 addition is smaller than that of the Pt/CeO 2 co-doped samples, but with increasing magnetic field (>6 T at 65 K and >2 T at 77 K), the effect of nm211 addition on J c is larger than that of Pt/CeO 2 co-doping, which indicates that the effect on J c is different between these two types of additives (nm211 or Pt/CeO 2 ). In addition, it is also found that at 65 K, the ⌬J c of C1 is much larger than that of N1 and N2. But at 77 K, the difference on ⌬J c between C1 and N1 (or N2) samples is smaller, which implies the increasing pinning centers caused by the Pt/CeO 2 addition is strongly dependent on both the temperature and magnetic field. It has been reported that either the density of defect (e.g., dislocation, stacking faults) or the size and morphology of 211-particles are related to J c values. [15] [16] [17] [18] The 211-particles with large curvatures (i.e., small particle size) are beneficial to J c values due to the high density of dislocations or stacking faults. SEM was used to investigate the effect of nm211 addition on the change of 211-particle size and morphology, and TEM was used to observe the distribution of small-sized 211-particles and defects. The SEM results of Fig. 4 show the 211-particles morphology of the nm211-doped samples are similar to that of the control sample with circular or elliptical shapes. And, the 211-particles size distributions shown in Fig. 5 of these two samples are also similar (without the expected size reduction due to the nm211 addition). In the TEM observation of nm211-doped samples of Fig. 6 , some small-sized 211-particles (<500 nm) with a high density of dislocations at the 123/211 interfaces were found, but the amounts of 211-particles were disproportionally small. The density of small-sized 211-particles (<1 m), which was investigated by TEM, is 13 . According to the results of particle size distribution of precursors ( Fig. 1) , it can be calculated that in the precursor powders the fraction of 211-particles smaller than 100 nm is lower than 2.5 × 10 −5 for the solid-state method powders and 4 × 10 −3 (N2 sample) or 4 × 10 −5 (N1 sample) for the nm211-doped samples. Therefore, it can be deduced that the number of smallsized 211-particles existing in the matrix is independent to the fraction of nano-sized 211-particles in precursors. It can also be conjectured that the enhancement in J c for the nm211-doped samples is not entirely related to the nano-sized 211-particles and 211/123 interface in the 123 matrix. Accordingly, certain reactions might have taken place between the SmBCO matrix and the nm-211 additions during the melt-textured growth (MTG) process. This will be discussed in detail later. Figure 7 shows the temperature dependence of H irr for the control and nm211-doped samples, where H irr was determined with a criterion of J c ‫ס‬ 10 2 A/cm 2 . [21] [22] [23] [24] The dashed lines represent the least-squaresfitted curves of the formula
H o is the irreversibility field at 0 K and n is the reduced temperature exponent. It can be seen that H irr is strongly sample dependent. The least-squares-fit generates H irr ‫ס‬ 421,000(1 − T/T c ) 1 .59 for the control sample, H irr ‫ס‬ 680,000(1 − T/T c ) 1.30 for the N1 sample, and H irr ‫ס‬ 876,000(1 − T/T c ) 1.43 for the N2 sample, re spectively. The upper shift of H irr and H o for the nm211-doped samples indicates a stronger pinning caused by the nm211 additions.
The pinning mechanisms should be different between the nm211-doped samples and the control sample which will attribute to the different J c -H curves, ⌬J c values at high magnetic fields, and H irr values. It can be assumed that core pinning is the dominant pinning in high-T c superconductors due to their large values 25 (so-called Ginzburg-Landau parameter = /, where ‫ס‬ penetration depth and ‫ס‬ coherence length). Two different sources of pinning have been reported: one is the nonsuperconducting defect embedded in the superconducting matrix (normal pinning); the other is the spatial variation of the Ginzburg-Landau parameter in the superconductivity matrix (⌬ pinning). The scaling theory is a useful tool to investigate the pinning properties of superconductors by determination of the volume pinning forces, F p ‫ס(‬ J c × B), which are calculated from J c (H, T) values. 26 Notably, for various high-T c superconducting materials, the scaling of F p is found as well; however, experiments have shown that the appropriate scaling field is the irreversibility field H irr instead of H c2 . [27] [28] [29] [30] Therefore, the general expression of the olume pinning force F p (H) that has been proposed by Dew-Hughes 26 can be expressed in the form as
where F p, max is the maximum volume pinning force, h is the reduced field (H/H irr ), and the parameters p and q depend on the characteristics of flux pinning. In DewHughes's scaling theory, six different pinning functions to describe the core pinning were proposed by using Eq. (2) as follows: (1) 26 It is also noted that with the peak, h max > 0.33 represents the effect of ⌬ pinning. Figure 8 plots the pinning force F p versus the reduced field h (H/H irr ) of the control and nm211 samples of different temperatures (70-86 K). Except for measurements near T c , the scaling theory works well for a wide temperature range. In addition, the deviation of F-h curves at high fields can be attributed to the flux creep and de-pinning behavior, which has been discussed and modified by Murakami et al. 21, 28 The fitted results of p, q, h max , and the dominant pinning mechanism of each sample are listed in Table II . Two differences among these samples are noticed: (i) the F p -h curves of the nm211-doped samples (N1 and N2) show a higher h max (0.42 to 0.56) than the C1 and control samples (h max ‫ס‬ 0.32∼0.35); (ii) in the h < h max region, the p, q values for the C1 and control samples are near 2, 1, respectively, on the other hand, the p, q values for the nm211-doped samples are close to 1, 1, respectively. The above results suggest that the dominant pinning mechanism for C1 and control samples is normal point pinning (function 5) and for the nm211-doped samples is a combination of ⌬ volume pinning (function 2) and ⌬ surface/line pinning (function 4). Namely, in the nm211-doped samples, there exist pinning centers whose Ginzburg-Landau parameter varies within the superconducting matrix (probably due to compositional fluctuations) and, meanwhile, whose dimensions are larger than inter-flux-line spacing in one, two, or three directions. 24 Based on the growth mechanism of MTG process, [31] [32] [33] it is known that the 123 phase grows according to the following peritectic transformation 
The 211-particles in the top-seed-melt-texture-growth sample as shown in Fig. 6(b) is the result of incompletereacted RE211 phase during peritectic transformation. Shiohara et al. 33 indicated that the rate of RE ion diffusion in liquid limits the growth rate of RE123 crystal, and the compositional difference (⌬C) between Liquid/123 and Liquid/211 serves as the driving force for RE solute diffusion. The compositional difference consists of three origins: ⌬C ‫ס‬ ⌬C1 + ⌬C2 + ⌬C3, with ⌬C1 coming from the change in chemical potential caused by the curvature of RE211 particles. ⌬C2 is related to 123/L undercoolings. ⌬C3 is due to temperature gradient and is a function of the distance over each 211-particle in liquid. Accordingly, during the peritectic reaction of superconductors, small-sized 211-particles in liquid with large curvature will dissolve faster than the larger ones. From the 211-particle size distribution shown in Fig. 1 , we see that most of the nm211 precursor powders are smaller than 100 nm. On the other hand, the number of smallsized 211-particles (<1 m) found in the matrix after MTG process ranges in the same order of magnitude for the control and the nm211-doped samples (as discussed in Sec. III). Therefore, it can be conjectured that most nm211 additions would have dissolved during the MTG process and become nano-sized regions with compositional fluctuations (⌬x) in the RE 1+x Ba 2−x Cu 3 O 6 matrix (but with dimensions larger than inter-flux-line spacing in all directions) nano-sized regions with compositional fluctuations provide the sources of volume ⌬ pinning. The reaction (3) for nm211 can be modified as follows:
Thus, the pinning mechanism for the nm211-doped samples at h < h max region changes to volume ⌬ pinning from normal point pinning for control sample. Figure 9 illustrates the difference between these two types of pinning mechanisms existing in the nm211-doped samples. Figure 9(a) is the schematic diagram of ⌬ pinning centers, which are nano-sized regions with compositional fluctuation that results from the reaction (4), and Fig. 9(b) is the TEM micrograph of defects that could behave as normal pinning centers, which are originated from nonsuperconducting defects including 211-particles, dislocations, stacking faults, and twins. The x 1 , x 2 , and x 3 in Fig. 9(a) represent the different extents of RE-Ba substitution with x 1 > x 2 > x 3 > x matrix that result in different superconducting temperatures in the following sequence: T c1 < T c2 < T c3 < T c matrix . Therefore, the pinning mechanism for the nm211-doped samples can be described as follows. In the field region h < h max , the major pinning is the ⌬ pinning (function 2 and function 4), which comes from the different values of regions with different T c values. When the magnetic field is increased, regions with lower T c [i.e., with larger x as shown in Fig. 9(a) ] transform into normal state, thus, the contributions from ⌬ pinning decreased and the degree of normal pinning (function 5) increased. The change of pinning mechanism from ⌬ pinning to a combination of ⌬ pinning and normal pinning in the field range h > h max acts as effective pinning at high magnetic field and show peak-effect. In contrast, for samples without nm211 addition (e.g., control sample or C1 sample), the Sm211 used in the precursor powder were synthesized by solid-state method with the particle size in the range of 1∼10 m. The 123/211 interface of these micro-scale (ӷ coherence length) 211-particles can act as pinning centers but are active mainly at low magnetic fields. Therefore, with increasing temperature and magnetic field, the J c of nm211-doped superconductors with ⌬ pinning centers will not decrease as quickly as that of samples with only normal pinning centers (as the results in Fig. 3 ). In addition, it should be noted that the J c values of the C1 sample (co-doped with Pt/CeO 2 ) are better than those of the nm211-doped samples, though the abating rate at high magnetic field is larger for the former one. This can be explained by the combination of two effects caused by the additions: one is the amount of pinning centers, and the other is the strength of pinning centers. According to the above results (e.g., J c , microstructure observations), it is known that the addition of Pt/CeO 2 results in the refinement of 211-particles and thus increases both the 123/211 interface areas and the defect density in the matrix substantially. On the other hand, the addition of nmSm211 results in the formation of nano-sized compositional fluctuations, and the size of 211-particles is similar to the control samples. This implies that the change in J c for the nmSm211-doped sample results from the compositional fluctuations. Therefore, in low magnetic field region, the J c results in the nmSm211-doped sample are lower than that in the Pt/CeO 2 -doped samples. Comparing with the SEG [(Sm, Eu, Gd)-Ba-Cu-O] or NEG [(Nd, Eu, Gd)-Ba-Cu-O] superconductors, in which the matrix is a mixture of rare earths elements (or 0.33-0.33-0.33 molar ratio alloy), the J c -H behaviors and pinning mechanism are similar to the system discussed in this report. It has been reported [34] [35] [36] that there is a large number of small-sized 211-particles and the nano-scale compositional modulations (or lamella structure) extend all over the matrix. Therefore, the J c values for the SEG or NEG superconductors are enhanced both in low-and high-field region. But in this report, it should be noted that the amount of nmSm211 addition is only 0.4 wt%, and the size of 211-particles in the matrix hs not been changed. Therefore, both the amount of compositional fluctuations and the 123/211 interface areas for the nmSm211-doped sample are less than that of SEG or NEG samples, which results in higher J c for the latter one.
Our current results indicate that superconductivity is enhanced with small amounts (N1 ‫ס‬ 0.004 wt%, N2 ‫ס‬ 0.4 wt%) of nm211 addition and is decreased when the amounts exceed N3 ‫ס‬ 4 wt%. However, the N3 sample exhibits a T c significantly lower than other samples that will depress the J c (H, T) properties. A detailed study on the optimal amount of nm211 addition as well as its correlation with J c (H, T) enhancement is in progress.
IV. CONCLUSIONS
The MTG SmBCO sample with small amounts of nm211 addition can improve the J c values at the high magnetic field region. The pinning mechanism analysis by scaling theory shows that the dominant pinning mechanism for the control sample is normal point pinning (function 5); on the other hand, for the samples of nm211 addition it is the combination of ⌬ volume pinning (function 2) and ⌬ surface/line pinning (function 4). The sources of ⌬ pinning in the nm211-doped samples result from the dissolution of nano-sized 211-particles during the MTG process and become nanosized areas of compositional fluctuations (⌬x) in the RE 1+x Ba 2-x Cu 3 O 6 matrix.
